This paper analyzes the outage probability (OP) and the average symbol error rate (SER) of decode-and-forward (DF) relaying. The paper derives closed-form expressions for the OP and the average SER with optimum combining (OC) considering fast-fading multiple correlated CCIs, the correlated source-relay, and thermal noise. It is shown that the performance of the large distance between the source and the relay is better than that of the small distance, regardless of interference fading speed at the destination. We also show that given the source-relay distance, the performance of slow-fading interference is basically better than that of fast fading, except in the low signal-to-noiseratio (SNR) regime for the distance being small. In result, the source-relay distance is generally a more dominating factor for the performance than fading CCIs.
a wireless-powered three-node DF relaying system in Nakagami-m fading environment [14] .
In this paper, a DF protocol is considered. It is assumed that at the relay symbol-by-symbol decoding is executed, and at the destination, full decoding is carried out [2] . We also assume that multiple correlated CCIs are fast faded, the source and relay are correlated, and thermal noise is present. To the best of our knowledge, the performance analysis for this system has not been reported. First, we derive closed-form expressions for the OP and the average SER with OC considering fast-fading multiple correlated CCIs, the correlated source-relay, and thermal noise. Second, we investigate the effects of the source-relay distance and fast/ slow-fading CCIs on the performance.
The paper is organized as follows: Section 2 defines the system and channel model. In Section 3, the exact analytical expressions are derived for the OP and the average SER. Section 4 presents the analytical and simulation results, which we discuss in detail. The paper is concluded in Section 5.
System and channel model
We define the full cooperative case as relaying with no symbol errors and the non-cooperative case as relaying with the symbol error probability being one. Let the probability of symbol errors at the relay be P ðRÞ e . For the full cooperative case, P ðRÞ e ¼ 0, and for the non-cooperative case, P ðRÞ e ¼ 1. For 0 < P ðRÞ e < 1, we say simply the cooperative case. We assume that the destination knows whether or not the relay sends the symbol with the probability one. We suppose a time division duplex (TDD) mode [1, 8] . The DF protocol is composed of two time slots, t 1 and t 2 . One time interval t 1 is for phase 1 and the other t 2 is for phase 2. Therefore, a single transmission duration (STD) t STD becomes t 1 + t 2 . Note that under fast fading assumption, channel states change and are not constant over t STD . The relay system consists of a source (S), a relay (R), a destination (D), interferers (I ð jÞ R , j ¼ 1; 2; ⋯; N I R ) at the relay, and interferers (I ðiÞ D , i ¼ 1; 2; ⋯; N I D ) at the destination. We model thermal noise as circularly symmetric additive white Gaussian noise (AWGN). Each channel is affected by AWGN. The system and channel model is depicted in Fig. 1 
OP and SER derivation
We first derive the OP, P Þ, and the average SER, SER non-∞ , for P ðRÞ e ¼ 1. In order to obtain the decision x full-co ¼ w † full-co y full-co , the weight vector w full -co is expressed by w full -co = R −1 g 0 with the interference-plus-noise correlation matrix R = N 0 I 2 + E I GG † and G ¼ ½g 1 g 2 ⋯g N I D [4] . The notation I 2 is the (2 × 2) identity matrix, and the notation (•) † is the conjugation and transposition. The instantaneous maximum output SINR at the destination is expressed as
The moment-generating function (MGF) of γ full -co is given by:
where on the fifth line in the above equation, we use the general central quadratic form [15] of the MGF, the notation jAj is the determinant of a matrix A , the source-relay channel parameter (2 × 2) correlation matrix E½g 0 g † 0 is denoted as Σ SR , the power ratio Γ 0 ≜ E S /N 0 is the SNR over each time slot, i.e., t 1 or t 2 , and the power ratio Γ 1 ≜E I D =N 0 is the interference-to-noise ratio (INR) over each time slot, i.e., t 1 or t 2 . We express the (2 × 2) Hermitian matrix GG † as the eigenvalue decomposition [16] .
where β 1 and β 2 with β 1 ≥ β 2 are the non-zero ordered real eigenvalues of GG † and U is the (2 × 2) unitary matrix. The MGF M γ full-co ðsÞ is given by: where on the fourth line in the above equation, we use the fact that the random variable (RV) θ is uniformly distributed in the interval [−π, π) [17] . The MGF M γ co ðsÞ is simplified by the integration over the RV θ as:
where the notation |a| is the absolute value of a scalar a.
The expectation over Β is obtained using the probability density function (PDF) f Β (Β) [18] as:
where ½a i; j
is a (2 × 2) matrix with elements a i, j , i, j = 1, 2, and the constant K is given by:
The function Γ(·) is the gamma function. The values α 1 and α 2 with α 1 ≥ α 2 are the eigenvalues of the destination interferer channel parameter (2 × 2) correlation matrix
Using the (2 × 2) determinant formula, the MGF M γ full-co ðsÞ is given by:
With some algebraic manipulations, the MGF M γ full-co ðsÞ is expressed as:
The MGF M γ full-co ðsÞ is further simplified as:
where
and we use the fact that 
The result in Eq. (15) is valid for the multiple correlated CCIs with N I D ≥ 2. For the single interferer case with N I D ¼ 1 , we obtain the simpler MGF M γ full-co ðsÞ . Let the conditional MGF M γ full-co jλ 1 ðsÞ be the MGF M γ full-co ðsÞ conditioned on λ 1 [19] and the RV λ 1 be the random eigenvalue of R (the other eigenvalue of R is the constant N 0 ). (Note that λ 1 and N 0 are the eigenvalues of R = N 0 I 2 + E I GG † , and β 1 and β 2 are the eigenvalues of GG † .) Then the MGF M γ full-co ðsÞ of γ full -co is derived as:
Chung , λ 1 ≥ N 0 . Now we have derived M γ full-co ðsÞ for all N I D ≥ 1. From M γ full-co ðsÞ, we obtain the characteristic function (CF) ϕ γ full-co ðtÞ ¼ M γ full-co ð ffiffiffiffiffi ffi −1 p tÞ . The PDF f γ full-co ðγ full-co Þ of γ full -co is obtained from ϕ γ full-co ðtÞ by the Fourier transform, which is easily calculated using the fast Fourier transform (FFT). Then, SER full-co with the coherent binary phase shift keying (BPSK) is calculated as [19] : Þ is defined and is calculated as:
Next, we derive P 
with y ≥ 1/Γ 0 . Then, the RV γ non -co = X/Y is ratio distributed, and the f γ non-co ðγ non-co Þ is derived as:
Similarly as in the P ðRÞ e ¼ 0 case, with f γ non-co ðγ non-co Þ, we calculate P ðnon-coÞ out ðγ ðnon-coÞ Th Þ and SER non -co for P ðRÞ e ¼ 1. Now based on the total probability theorem, finally, we obtain a closed-form expression for the OP P out (γ Th ) at the destination as:
and the average SER at the destination is derived as:
With these exact analytical expressions, we can investigate the effects of the distance between the source and the relay, i.e., Σ SR and fast/slow-fading interference at the destination, i.e., Σ I D .
Results and discussion
We assume that the signals have the exponential correlation [20] . Thus, with the source-relay channel correlation coefficient r SR ∈ [0, 1):
and with the destination interferer channel correlation coefficient r I D ∈½0; 1Þ:
We define the total SNR as Γ 
where the factor 2 represents two time slots. The correlation coefficients are explained as follows: the smaller the r SR is, the larger the distance between the source node and the relay node is. On the other hand, the smaller the r I D is, the more independent, i.e., the less correlated, the two channel coefficients are, for a given i among i ¼ 1; 2; ⋯; N I D . This means that the maximum Doppler spread is larger so that the coherence time is smaller, i.e., fast fading [21] . Thinking in the opposite direction, i.e., slow fading, is also true.
First, we investigate the effect of the probability of symbol errors P ðRÞ e at the relay on the OP P out (γ Th ) at the destination. We assume that with
We also assume that there are almost uncorrelated users (r SR = 0.01) and slow-fading multiple correlated CCIs ( r I D ¼ 0:99 ), which are the assumptions of the previous researches, i.e., independent users and flat-fading interference over t STD . In Fig. 2 , the OP performance is shown for various P ðRÞ e values. We observe in Fig. 2 that the OP performance with P ðRÞ e ≤ 0:001 reaches that with the full cooperative case P ðRÞ e ¼ 0. Since this paper focuses on the performance analysis for the source-relay distance and fast/slow fading CCIs, from now on, we set P ðRÞ e ¼ 0:001. In Fig. 2 , we also show the analytical and simulation results, which are in good agreement, so that the following analyses are based on the analytical expressions.
Next, we analyze the OP P out (γ Th ) at the destination for various r SR and r I D values. In Fig. 3 , for the fixed r I D ¼ 0:99, i.e., slow fading CCIs (which is the previous research assumption), the OP P out (γ Th ) at the destination is shown for various r SR . We observe in Fig. 3 that as the correlation between the source and the relay becomes larger, the OP performance degrades severely and cooperative diversity decreases. It is shown in Fig. 4 that for the fixed r I D ¼ 0:01 , i.e., fast fading CCIs (which is considered in this paper), the OP P out (γ Th ) at the destination is shown for various r SR . The results in Fig. 4 are similar with those in Fig. 3 , but the patterns of the OP performance degradation are different. In order to investigate the difference, we plot the combination of Fig. 3 and Fig. 4 in Fig. 5 . It is investigated in Fig. 5 that the performance of the large distance between the source and the relay is better than that of the small distance, regardless of interference fading speed at the destination. We define the impact of fast-fading CCIs on the performance as the SNR Γ 0 loss in decibel compared with slow-fading CCIs. We observe in Fig. 5 that given the distance between the source and the relay (r SR = 0.01 or 0.99), the performance of fast-fading interference at the destination is basically worse than that of slow fading, except in the low SNR regime for the distance being small (r SR = 0.99). The exception is explained as follows: since the small distance results in lost diversity, in the Fig. 5 . Now, we discuss the difference between OC and non-OC. In order to achieve cooperative diversity, OC maximizes the SINR, reduces CCIs' power, and increases diversity. On the other hand, non-OC, such as MRC, maximizes only the SNR so that a smaller output SINR is produced and the performance is degraded severely in the presence of CCIs.
Conclusion
In this paper, we investigated the effects of the source-relay distance and fast/slow-fading CCIs on the performance of the DF-relaying OC system. Conditioned on the probability of symbol errors at the relay, we first developed the MGF of the instantaneous maximum output SINR. Using the total probability theorem, we then derived closed-form expressions for the OP and the average SER at the destination. With these analytical expressions, it was shown that the performance of the large distance between the source and the relay is better than that of the small distance, regardless of interference fading speed at the destination. Furthermore, we also showed that given the distance, the performance of slow-fading interference is basically better than that of fast fading, except in the low SNR regime for the distance being small. In result, the source-relay distance is generally a more dominating factor than the fading CCIs. Finally, we presented the average SER performance, which showed the gap between the most optimistic case and the most conservative case. 
